abstract: A model of dynamics of leaves and nitrogen is developed to predict the effect of environmental and ecophysiological factors on the structure and photosynthesis of a plant canopy. In the model, leaf area in the canopy increases by the production of new leaves, which is proportional to the canopy photosynthetic rate, with canopy nitrogen increasing with uptake of nitrogen from soil. Then the optimal leaf area index (LAI; leaf area per ground area) that maximizes canopy photosynthesis is calculated. If leaf area is produced in excess, old leaves are eliminated with their nitrogen as dead leaves. Consequently, a new canopy having an optimal LAI and an optimal amount of nitrogen is obtained. Repeating these processes gives canopy growth. The model provides predictions of optimal LAI, canopy photosynthetic rates, leaf life span, nitrogen use efficiency, and also the responses of these factors to changes in nitrogen and light availability. Canopies are predicted to have a larger LAI and a higher canopy photosynthetic rate at a steady state under higher nutrient and/or light availabilities. Effects of species characteristics, such as photosynthetic nitrogen use efficiency and leaf mass per area, are also evaluated. The model predicts many empirically observed patterns for ecophysiological traits across species.
The plant canopy is a fundamental unit of photosynthesis in ecosystems. Its structure and photosynthetic capacity vary widely depending on environmental conditions and on morphology and physiology of the species found in the canopy. Understanding how a canopy develops is indispensable for many aspects of ecology, agriculture, and en-* E-mail: hikosaka@mail.cc.tohoku.ac.jp.
Am. Nat. 2003. Vol. 162, pp. 149- vironmental sciences, for example, matter-flow in ecosystems, production of agricultural crops, and evolution of plant species.
Canopy-photosynthesis models have been important tools to understanding physicochemical regulation of canopy photosynthesis. Canopy-photosynthesis models are based on a formulation of microclimate and photosynthetic traits of leaves within the canopy. For example, Monsi and Saeki (1953) used Beer's law (exponential function) for light extinction within leaf canopy and a rectangular function for the light-response curve of photosynthesis to calculate canopy photosynthesis as the sum of leaf photosynthesis. Since then, many canopy-photosynthesis models have been developed that incorporate various meteorological and physiological parameters to estimate photosynthetic rates of canopies under various environmental conditions (e.g., Baldocchi and Harley 1995; Harley and Baldocchi 1995) .
Canopy-photosynthesis models have also contributed to predicting "ideal" stands that maximize their photosynthetic rate in a given environment. Monsi and Saeki (1953) and Saeki (1960) predicted an optimal leaf area index (LAI; leaf area per unit ground area) that maximizes canopy photosynthesis. When LAI is small, the canopy photosynthetic rate increases with increasing LAI. With increasing LAI, however, light intercepted by leaves at the bottom of the canopy decreases because of mutual shading. If the bottom leaves receive light intensities lower than the lightcompensation point, those leaves will fall. According to this prediction, canopies under the shade have a smaller LAI than those under full sunlight (Monsi and Saeki 1953) . Furthermore, canopies with vertical leaves have a larger LAI than those with horizontal leaves because light penetrates deeper in the canopy with vertical leaves (Saeki 1960) . These predictions have been tested by experimental studies (see Monsi et al. 1973) .
Until the 1980s, most canopy-photosynthesis models assumed that photosynthetic characteristics of leaves are identical within the canopy, although Saeki (1959) re-ported different photosynthetic capacities among leaves. Hirose and Werger (1987a) incorporated into their model the different photosynthetic characteristics among leaves with respect to nitrogen (N) use. In nature, N is one of the resources most limiting to plant growth, and plants have evolved mechanisms to utilize it efficiently (Aerts and Chapin 2000) . Photosynthetic capacity of leaves depends on their N content because more than half of N can be directly related to photosynthesis (Evans and Seemann 1989) . Large investment of N in sun leaves is beneficial because it gives a high "return" as photosynthates, while a high N content under shade conditions is not beneficial because it does not contribute to increasing photosynthetic rates due to light limitation (Mooney and Gulmon 1979; Hirose and Werger 1987b) . Thus, the rate of canopy photosynthesis is maximized by allocating more N to leaves receiving higher light intensities (Field 1983 ). Hirose and Werger (1987a) combined the theory of optimal N allocation and that of the canopy-photosynthesis model. They found a vertical gradient of leaf N content in Solidago altissima canopies and demonstrated that the gradient found in the canopy increased the rate of canopy photosynthesis by 20% compared with the canopy where N is uniformly allocated. Thereafter, many studies have shown that N allocation is adjusted in response to light distribution among leaves (e.g., Hirose et al. 1988 Hirose et al. , 1989 Hirose et al. , 1994 Anten et al. 1995b; Terashima and Hikosaka 1995; Hikosaka 1996) . Anten et al. (1995a) further integrated the optimality theories of LAI and N allocation. For a given amount of N that is optimally allocated in the canopy, they calculated the optimal LAI that maximizes canopy photosynthesis. Their model explained that the LAI reduces at low N availability, though the bottom leaves receive light intensity higher than the light compensation point. This is because increasing LAI decreases mean N content per leaf area, which leads to a reduction in photosynthetic capacity of leaves. They showed that the predicted LAIs are well correlated with the actual ones (Anten et al. 1995a (Anten et al. , 2000 .
Combing these models, we can now determine the structure of "optimal canopy" under a given environment (Anten et al. 1995a; Hirose et al. 1997; Hikosaka and Hirose 1998) . However, there are some insufficient points in these models. First, they need to make assumptions of canopy N content. Although we can easily expect smaller amounts of canopy N at lower N availabilities, there is no model to predict the optimal amount of canopy N at a given N availability. A more important problem is that previous canopy-photosynthesis models predict only the static structure of the canopy. In actual canopies, leaves are born and fall with time. Similarly, N is taken up from roots and lost with litter fall. When the stand is young, the number of produced leaves is larger than that of fallen leaves, and absorbed N is larger than lost N. When the stand is mature, the turnover of leaves and N may be at a steady state. Thus, canopy structure should be considered as a dynamic system. Previous canopy-photosynthesis models have not considered temporal changes in the canopy.
In addition, canopy-photosynthesis models may be used to analyze dynamics of leaves. Rates of leaf production are strongly related to carbon gain of the canopy, which can be predicted by canopy-photosynthesis models. Loss of leaves may result from excess LAI, which is defined as the leaf area that exceeds a predicted optimal LAI. In this study, I propose a new model of canopy photosynthesis where turnover of leaves and N are incorporated. I analyze how canopy structure and leaf turnover change depending on environmental conditions and on morphology and physiology of species.
This model may be useful for understanding two important ecological traits: leaf life span and nitrogen use efficiency (NUE). Kikuzawa (1991) presented an optimality model of leaf life span on the basis of a cost-benefit hypothesis. His model explained well how plants determine leaf life span but is too simple to incorporate physiological characteristics. Because leaf life span is the inverse of the turnover rate of leaves, this model predicts leaf life span that changes depending on environmental conditions. NUE has been defined as the biomass production per unit absorbed N (Hirose 1975; Vitousek 1982; Berendse and Aerts 1987) , which is an important parameter to understand adaptation of plants to different N availabilities (Tateno and Chapin 1997; Aerts and Chapin 2000) . This model uses the N uptake rate to indicate N availability and calculates canopy photosynthetic rates under a given rate of N uptake. The ratio of canopy photosynthesis to absorbed N gives NUE. In this article, I integrate canopy photosynthesis, leaf life span, and NUE.
The Model
Here I consider a large leaf canopy consisting of a single individual (e.g., clonal plants), in which maximization of canopy photosynthesis may result in maximization of fitness. The plant has leaves and other organs, but only leaf canopy is targeted in the analysis.
Light Distribution within Leaf Canopy
Attenuation of photosynthetic photon flux density (PPFD) in a leaf canopy follows Beer's law:
where F j is the cumulative leaf area per unit ground area from the top of the canopy to the position j in the canopy, I j and I 0 are PPFDs at j and above the canopy, respectively, and K is the light-extinction coefficient. PPFD intercepted per unit leaf area, , is described as follows:
where j is a leaf scattering coefficient (Goudriaan 1977) . The daily course of PPFD above the canopy is given by
where I 00 is the noon PPFD above the canopy and T is the solar time.
Leaf Photosynthesis
The model used here is derived from a model of canopy photosynthesis developed by Anten et al. (1995b) . Leaf photosynthesis is calculated as a function of leaf N content per leaf area (n L ) and intercepted PPFD ( ). Light-I response curve of leaf photosynthesis is expressed as nonrectangular hyperbola:
where P L is the net photosynthetic rate per unit leaf area, P max is the light-saturated rate of gross photosynthesis, f is the initial slope of the light-response curve, R is the rate of dark respiration, and v is the convexity of the lightresponse curve; f and v are assumed to be constant. The values P max and R are expressed as functions of n L :
r r L where a m and n i are the slope and x-intercept of the relationship between P max and n L , respectively, and a r and b r are the slope and y-intercept of the R-n L relationship, respectively.
Nitrogen Distribution
Anten et al. (1995b) theoretically derived that canopy photosynthesis is optimized when the following equation is satisfied:
max where b is a constant. From this condition, the optimal N distribution is given by
where n Lj is n L at position j and F T and N T are the LAI (total leaf area per unit ground area) and the total leaf N content per unit ground area, respectively (Anten et al. 1995b) ; n m is the minimum N content per unit leaf area of living leaf, which is defined as
where max() denotes "maximum of" and n d is the N content of dead leaves. The daily rate of canopy photosynthesis per unit ground area (P can ) is given by
Leaf Production
The rate of leaf area production per unit ground area (LA P ) is proportional to canopy photosynthesis:
P Z where C is the conversion coefficient from assimilated carbon (mol) into biomass (g), which involves the construction cost of biomass; L is the fraction of photosynthates allocated to leaves; and Z is leaf mass per unit area.
Loss of Leaf Area and Nitrogen
In this model, the plant drops excess leaves. Before drop, the plant resorbs some of the N in the excess leaves. I assume that the N content per unit leaf area of dead leaf (n d ) is constant. Leaf mass per area of dead leaves is assumed to be the same as that of newly produced leaves, that is, no resorption of biomass from senescing leaves.
Optimization of Leaf Area Index
Consider a leaf canopy that has a certain amount of leaf area ( ) and canopy N ( ) at time t. The canopy pho-F N Tt Tt tosynthesizes and produces new leaves according to equation (11). The plant absorbs N from the soil. However, the plant loses leaf area and canopy N with fall of dead leaves, which contain N that has not been resorbed. Consequently, LAI and canopy N at time are expressed t ϩ Dt as
where N U is the rate of N uptake from soil per unit ground area and LA d is the loss rate of leaf area per unit ground area. Here it is assumed that all N taken up from soil is allocated to leaves. In the simulation, N U is given as an independent variable, and the LA d that maximizes P can at time is numerically calculated. Then and t ϩ Dt F TtϩDt are obtained. Repeating this process gives growth N TtϩDt of leaf canopy.
Constants
I used leaf parameters and light-extinction coefficient values for the soybean canopy obtained by Anten et al. (1995b) unless stated otherwise (see table 1). Figure 1 shows an example of the simulation. The simulation starts from a small canopy ( and
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Canopy Structure
). At the earliest stage, LAI increases exponentially with-50 out leaf loss. Thereafter, the rate of increase in LAI gradually decreases with the onset of leaf loss, and LAI achieves a stable value. The leaf loss rate also achieves a stable value. Canopy N and the N loss rate increase with time and achieve a stable value. At the stable phase, turnover of leaf area and N are at a steady state; that is, rates of inflow of leaf area and N are the same as those of outflow. Sensitivity analyses suggest that the stable values of LAI and canopy N are independent of initial conditions of LAI and canopy N (data not shown).
Effects of N and light availability as environmental variables are evaluated. Figure 2 shows responses of canopy characteristics to the N uptake rate (N U ) as a measure of N availability in the soil. Canopy structure changes greatly depending on N U ( fig. 2A) . Except for N U of 10 mmol m The proportionality between canopy photosynthesis and N U can be explained as follows: in the steady state phase, the leaf loss rate is equal to the leaf production rate, which is proportional to canopy photosynthesis (eq. [11]). Also, the N uptake rate is the same as the N loss rate. The ratio of N loss to leaf loss defines N concentration per mass (n mass ) of dead leaves. In this simulation, n mass of dead leaves is given as the N content per leaf area of dead leaves (n d ) divided by leaf mass per area (LMA). Since both n d and LMA are constant in the simulation, proportionalities are always found between canopy photosynthesis, leaf loss, N uptake, and N loss at the steady state.
Leaf turnover does not attain a steady state in the canopy with N U of 10 mmol m Ϫ2 d Ϫ1 ( fig. 2A ). At early stages, this canopy has higher LAI and higher rates of canopy photosynthesis compared with canopies with lower N U ( fig. 2B ). However, canopy photosynthesis rapidly decreases after achieving the peak value. Then LAI also decreases at later stages. This is due to an excessive accumulation of canopy N. Figure 2C shows the N loss rates. Under N U of 10 mmol m Ϫ2 d Ϫ1 , the N loss rate is much lower than N U ( fig. 2C ), leading to accumulation of canopy N. Increasing canopy N exceed those for LAI, resulting in too high N content per unit leaf area. Extremely high N content reduces net photosynthesis because of the assumption that the respiration rate is a positive function of leaf N content (eq. [6]). Further reduction in canopy photosynthesis results in negative growth of LAI. There seems to be an upper limit of N uptake rates where the turnover of leaf area and N are maintained at a steady state. Hereafter I define this as the maximum N uptake rate. Since the maximum N uptake rate cannot be obtained in an analytical way, it was obtained from numerical simulations with various N uptake rates.
Next, I analyze responses of the canopy to the light environment, which is represented by the noon PPFD above the canopy (I 00 ). The maximum N uptake rate is a nearly linear function of noon PPFD ( fig. 4A ). Figure 4B and 4C shows characteristics of the canopy at the maximum and constant (0.195 mmol m Ϫ2 d Ϫ1 ) N uptake rates under the steady state. The constant N U is selected as the lowest value of the maximum N U in the simulated conditions. At the maximum N uptake rate, canopy N shows a slightly concave curve against noon PPFD, while LAI shows a convex curve ( fig. 4B) . As a result, mean leaf N content linearly increases with noon PPFD (fig. 4C ). The canopy photosynthetic rate is a nearly linear function of noon PPFD as well as the maximum N uptake rate. At the constant N uptake rate, LAI and canopy N decrease with increasing PPFD (fig. 4B ). The canopy photosynthetic rate is constant, while mean leaf N content increases slightly with increasing PPFD (fig. 4C ).
The following analyses assess the effects of two characteristics: the slope of the regression of maximum photosynthetic rate on leaf N content (a m ) and leaf mass per unit area (LMA). These two characteristics vary depending on species (Evans 1989; Reich et al. 1992 ). The value a m is closely related to photosynthetic nitrogen use efficiency of leaves (PNUE; photosynthetic capacity per unit N). The maximum N uptake rate is not affected by a m (fig. 5A) . Figure 5B and 5C shows dependence of canopy traits on a m at steady state with other traits being kept constant. LAI and canopy photosynthetic rates are independent of a m . However, canopy N and mean leaf N content decrease with increasing a m . The decrease in canopy N with increasing a m is explained as follows: at early growth stages (non-steady state phase), increased a m results in higher canopy photosynthesis, which makes accumulation of biomass faster than that of N. Thus, when steady state is achieved, canopy N is lower in a canopy with higher a m . Although canopy photosynthesis per N varies with a m , this difference does not influence canopy photosynthesis at steady state because canopy photosynthesis is proportional to N U . The increased leaf N content in canopies with low a m can be regarded as a compensation to maintain a certain level of photosynthetic rate.
With increasing LMA, the maximum N uptake rate decreases ( fig. 5D ). This decrease is related to an assumption of N in dead leaves. Since the N content per unit area of dead leaves is assumed to be constant, increased LMA results in a decrease in n mass of dead leaves. Reduction in n mass of dead leaves decreases N loss rates, decreasing the maximum N uptake rate. Figure 5E and 5F shows the dependence of canopy traits on LMA where N U is assumed to be maximum or constant (0.4 mmol m Ϫ2 d Ϫ1 ). When N U is maximum, LAI, canopy N, canopy photosynthesis, and mean leaf N content are nearly independent of LMA. However, when a constant N U is assumed, all of them increase with increasing LMA.
Next, I assessed the effect of N content per unit area of dead leaves (n d ) on canopy traits. The maximum N uptake rate increases with increasing n d (fig. 5G ). This increase is due to the increase in n mass of dead leaves. When N U is maximum, LAI, canopy N, canopy photosynthesis, and mean leaf N content are independent of n d ( fig. 5H, 5I ). When N U is constant, canopy N, canopy photosynthesis, and mean N content decrease with increasing n d , while LAI is lowest at intermediate n d . This dependence of LAI on n d is explained as follows: as n d increases, the N loss rate increases (data not shown), which decreases canopy N ( fig. 5H ). At the range of lower n d , LAI decreases because of the lowered canopy N. At the range of higher n d , however, n d defines the minimum leaf N content (n m ; eq. [9]), which influences the gradient of leaf N within the canopy (eq.
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[8]). When n m increases, LAI needs to increase to maintain a certain mean leaf N content ( fig. 5I ).
Leaf Life Span
Leaf life span (LLS) is calculated as the ratio of LAI to the loss rate of leaf area (Ackerly 1999) :
( 1 4 ) LA d Figure 6 shows the dependence of leaf life span at steady state on several factors. Leaf life span is longer at lower N U ( fig. 6A ) and lower noon PPFDs ( fig. 6B ), but the dependence of leaf life span is weaker for N U than for noon PPFD (note that the scale for leaf life span differs greatly between fig. 6A and 6B ). Leaf life span is independent of the slope of the P max -n L relationship ( fig. 6C ) and increases with increasing LMA (fig. 6D ). Increasing n d increases leaf life span when N U is constant but does not affect leaf life span when N U is maximal (data not shown).
Nitrogen Use Efficiency
Nitrogen use efficiency (NUE) has been defined as growth per unit absorbed (or lost) N. NUE is further analyzed as the product of N productivity (NP; growth rate per unit N in the plant body) and mean residence time (MRT) of N in the plant body (Berendse and Aerts 1987) . The former may be related to PNUE (Garnier et al. 1995) . The latter represents how long plants keep absorbed N in the plant The maximum nitrogen uptake rate is assumed for each noon photon flux density (results for the constant nitrogen uptake rate are not shown because they were very close to those for the maximum nitrogen uptake rate).
body. An evolutionary trade-off between NP and MRT has been suggested (Berendse and Aerts 1987) . Here NUE is given as the canopy photosynthetic rate divided by the N uptake rate, and NP and MRT are given as the canopy photosynthetic rate per unit canopy N and the ratio of canopy N to the N uptake rate, respectively: 7D ). NUE is constant irrespective of N U , noon PPFD, and the slope of the P max -n L relationship. This is due to constant n mass of dead leaves: at steady state, the ratio of N uptake to canopy photosynthesis (the inverse of NUE) is proportional to n mass of dead leaves. When NUE is constant, NP and MRT change in a compensatory manner with each other. NP increases with increasing PFD, increasing the slope of the P max -n L relationship and decreasing N U . The inverse is the case for MRT. However, when LMA ( fig. 7D ) and n d (data not shown) change, NUE changes because n mass of dead leaves changes with LMA and n d . When LMA increases, NP is almost constant, while MRT increases. When n d increases, NP is almost independent of n d when the N uptake rate is maximum, while it is highest at intermediate 
Discussion
Relationships between Canopy Photosynthesis, Leaf Life Span, and Nitrogen Use Efficiency
At steady state, the N uptake rate is the same as the N loss rate, and leaf production is equal to leaf loss. Therefore, the ratio of N uptake to leaf production is the same as the N concentration per mass (n mass ) of lost leaves, which is the inverse of NUE (Vitousek 1982) . These relationships strongly influence canopy characteristics. As far as n mass of dead leaves is constant, canopy photosynthetic rate is proportional to N uptake rate ( fig. 3B ), and NUE is thus constant irrespective of environmental conditions and species characteristics ( fig. 7A-7C ) at steady state. For example, when the N uptake rate is low, LAI decreases and reduces the canopy photosynthetic rate ( fig. 3 ). For a constant N uptake rate, when a m is higher, N content is lower to maintain a constant canopy photosynthetic rate ( fig.  5B, 5C ). In other words, canopy photosynthesis is limited by the turnover of N. Even if plants have high potential of photosynthesis, plants have to reduce canopy photosynthesis to balance turnover of leaf area and that of N. When the N uptake rate was too high, turnover of N did not achieve a steady state ( fig. 2A ). This is also related to n mass of dead leaves. When the N uptake rate is high, canopy photosynthetic rates have to be high to maintain the steady state. However, because of limitation by PPFD above the canopy, canopy photosynthesis has an upper limit, which defines the maximum N uptake rate. If N uptake rates are higher than the maximum, N continues to accumulate in the canopy. To avoid excessive accumulation of N at extremely high N uptake rates, plants need to increase n mass of dead leaves, which increases the maximum N uptake rate ( fig. 5G ). Therefore, a canopy with low n mass may not be favored at high N availabilities. However, decreased n mass of dead leaves increases canopy photosynthetic rates at low N uptake rates ( fig. 5F , 5I) and NUE ( fig. 7D) . Thus, the model indicates that lower n mass 
Ϫ1
. The nitrogen uptake rate is altered at day 0. Until the alteration, leaf turnover is steady state at the nitrogen uptake rate of 2 mmol m Ϫ2 d
.
may be advantageous at lower N availability but disadvantageous at higher N availability. These results strongly suggest that the n mass of dead leaves is an important trait for leaf turnover. Many researchers have been interested in N resorption efficiency, defined as in dead leaves)/(N in living leaves) (reviewed by 1 Ϫ (N Aerts and Chapin 2000) . However, this model suggests that the canopy structure depends on neither n mass of living leaves nor N resorption but on n mass of dead leaves. This supports Killingbeck (1996) , who indicated that n mass of dead leaves (i.e., "resorption proficiency") is more important than N resorption efficiency to understanding the evolution of N use in plants. Relationships between resorption proficiency and other ecological and physiological traits are yet to be studied.
Although the NUE is constant because of the assumption of constant n mass of dead leaves, NP and MRT (components of NUE) change in a compensatory manner to each other ( fig. 7 ). NP increases with increasing light availability and with increasing slope of the P max -n L relationship ( fig. 7B, 7C ). This is because NP increases with increasing photosynthetic rates per leaf N (see also Garnier et al. 1995; Hikosaka and Terashima 1995; Hikosaka and Hirose 2001) . MRT has been found to be longer when leaf life span is longer (Escudero et al. 1992; Aerts and Chapin 2000) . However, in this simulation, such relationships are found only when irradiance or LMA is altered ( fig. 6B,  6D ; fig. 7B, 7D) . When other factors, such as the N uptake rate, are altered, MRT and leaf life span become uncoupled. This is due to different N resorption efficiencies, since MRT is a function not only of leaf life span but also of N resorption efficiency (Escudero et al. 1992; Aerts and Chapin 2000) . In this simulation, higher n L results in higher N resorption efficiency because of the assumption of constant N content per area of dead leaves. For example, when N uptake rate increases, MRT increases because of increased mean n L ( fig. 7A ), even though leaf life span decreases ( fig. 6A) .
Environmental Effects
This model uses the light intensity above the canopy and the N uptake rate as environmental variables. Predicted tendencies are consistent with previous observations, for example, higher n L at higher N availability or higher irradiance (Terashima and Evans 1988 ) and higher LAI and canopy N content at higher N availability (Anten et al. 1995a) .
This model is particularly useful for predicting the response of leaf life span to environmental factors. Leaf shedding has been modeled differently in previous studies. Several studies assumed that leaf shedding occurs when light availability of the leaf becomes lower than the lightcompensation point of photosynthesis (e.g., Saeki 1960) . Kikuzawa (1991) assumed that the leaf number is constant in an individual; namely, the oldest leaf is dropped when a leaf is newly produced. Although some studies have found that leaves fall when their net photosynthesis becomes 0 (Ackerly and Bazzaz 1995; Ackerly 1999 ), this does not necessarily mean that the light environment always determines leaf shedding. For example, LAI is lower at lower nutrient availabilities (Anten et al. 1995a) . This indicates that leaf number depends on nutrient availability and that leaves being shed receive higher PPFD at lower nutrient availabilities. This study assumes that leaf shedding occurs when LAI becomes higher than the optimum. I used the optimal LAI theory of Anten et al. (1995a) , which predicts well the environmental responses of LAI (Anten et al. 1995a (Anten et al. , 2000 Hirose et al. 1997) .
Leaf life span is predicted to be longer at lower N availability ( fig. 6A ), which is consistent with some previous ecological observations (Chabot and Hicks 1982; Aerts and Chapin 2000) . However, this prediction seems to contradict the result of physiological experiments indicating that N deficiency accelerates leaf senescence (Smart 1994; Ono et al. 2001) . To solve this, I performed a simple simulation where N availability is suddenly decreased to mimic a situation in which physiologists apply sudden changes in N supply ( fig. 8) . When the N uptake rate is 2 mmol m Ϫ2 d Ϫ1 , leaf life span at steady state is 22.5 d. After a sudden reduction of the N uptake rate from 2 to 0.2, leaf life span greatly decreases and then slowly increases. After achieving a steady state, leaf life span at an N uptake rate of 0.2 exceeds that at an N uptake rate of 2. This result thus reconciles the ecological and physiological findings. That is, leaf life span is longer at low N availability at steady state, but leaf senescence is accelerated by sudden N deficiency. The sudden decrease in leaf life span may be an adjustment of LAI because optimal LAI at low N availability is low (fig. 3A) . Whether leaf turnover is at steady state may influence the response of leaf canopy to environmental changes.
The CO 2 concentration, temperature, and humidity can be incorporated into canopy photosynthesis models (see Harley and Baldocchi 1995) . Although this study does not use such environmental variables, I can speculate about their effects because most of their impact will appear via the P max -n L relationship. For example, elevated CO 2 increases the slope of the P max -n L relationship (a m ). However, high a m does not necessarily lead to higher photosynthetic rates. In situ photosynthetic rates in plants grown at elevated CO 2 are often down-regulated to a level similar to those of plants grown at ambient CO 2 , mainly because of decreased n L ("CO 2 acclimation"; Sage 1994; Koike et al. 1996; Nakano et al. 1997) . Similarly, alpine plants often have higher n L to compensate for lower a m , leading to photosynthetic capacity that is comparable to that of lowland plants (e.g., Körner and Diemer 1987 ; but see also Hikosaka et al. 2002) . Such trends are also found in this simulation: increased a m does not increase the photosynthetic rate of a leaf nor of the canopy because of the compensatory decrease in mean n L (fig. 5C ). The canopy photosynthetic rate has to be maintained at a certain level that is determined by N uptake at a steady state. These results suggest that photosynthesis in different environments is homeostatically controlled through the turnover of leaves and N in the canopy. This prediction is supported by the fact that down-regulation of photosynthesis at elevated CO 2 is common in N-limited plants (Sage 1994) .
Species Characteristics
In this decade, interspecific variation in ecophysiological characteristics has been studied intensively. Reich and coworkers have measured ecophysiological characteristics of plants under field conditions and found that species with shorter leaf life spans have higher photosynthetic capacity per mass (P mass ), higher P max , higher PNUE (photosynthetic capacity per N), higher n mass , and lower LMA (Reich et al. 1991b (Reich et al. , 1992 (Reich et al. , 1997 . These relationships were conserved over life form, phylogeny, and biome of species. Poorter and coworkers raised many herbaceous species with different relative growth rates (RGR) under optimal conditions ). They found that fast-growing species had higher P mass , higher PNUE, higher n mass , and lower LMA, similar to species with shorter leaf life span in Reich's studies.
Although many strong correlations were found between characteristics across species, it is not likely that all the relationships are similarly essential. Some of the correlations may be indirect relationships resulting from several direct relationships. Mathematical models may be an effective tool to evaluate whether the relationship is direct or indirect. In this study, a m (the slope of the P max -n L relationship), which is closely related to PNUE, and LMA are regarded as inherent characteristics of species; a m tends to be conserved within species (Evans 1989) . Although LMA depends on growth environment (Niinemets and Kull 1994, 1999) , its variation within species may be smaller than that between species (see Hikosaka et al. 1998) . PNUE is negatively correlated with LMA among species Reich et al. 1991b; Hikosaka et al. 2002) because leaves with higher LMA invest less N in the photosynthetic apparatus and have lower conductance of CO 2 from air to chloroplasts (Lloyd et al. 1992; Hikosaka et al. 1998; Poorter and Evans 1998) . However, in this study, I treat a m and LMA as independent from each other to distinguish their direct effects.
Increased LMA extends leaf life span ( fig. 6D ) because leaf life span is the ratio of LAI to the rate of leaf area production at a steady state (eq. [14]), and increased LMA reduces the latter (eq. [11]). Mean n L is independent (maximum N uptake is assumed) or a slightly increasing function (constant N uptake rate is assumed) of LMA ( fig. 5F ). This is also the case for mean P max because it is a linear function of n L . Mean P mass (P max divided by LMA) and n mass of living leaves (n L divided by LMA) decrease with increased LMA (data not shown). When a m increases, mean n L decreases in a compensatory manner to maintain canopy photosynthesis ( fig. 5C ). LAI and leaf life span remain constant (figs. 5B, 6C). Because of constant canopy photosynthesis and LAI, mean P max (photosynthesis per LAI) and mean P mass are also independent of a m . Although previous studies have been conducted at the individual leaf scale while this study is at the canopy scale, there are many consistent results. These results suggest that relationships between leaf life span and LMA, between P mass and LMA, between n mass and LMA, and between n L and PNUE are direct. Other relationships-for example, between leaf life span and PNUE, between P max and LMA (Reich et al. 1991b) , and between n L and LMA )-may be a by-product of the direct relationships. Figure 9 summarizes the direct interactions between the ecophysiological traits. Physiological relationships are shown as dotted lines, and logical relationships that have been defined by previous studies are shown as dashed lines. Logical relationships that are predicted by this study are shown as continuous lines. Higher LMA makes leaf life span longer because it reduces the leaf production rate (A). Since the effect of LMA on P max is not large, P mass (P max divided by LMA) increases with decreased LMA (B). Higher LMA reduces PNUE because of physiological effects (C). Changes in PNUE result in counteracting changes in n L (D) to keep P max constant. The P max is physiologically dependent on n L (E) and affects the canopy photosynthetic rate (F). MRT is positively related to leaf life span when LMA is altered (G), and NP is related to PNUE (H). NUE is the product of MRT and NP (I ) and is an inverse of n mass of dead leaf (J). Finally, the canopy photosynthetic rate is the product of NUE and N uptake rate (K).
Assumptions I modified the model of Anten et al. (1995a) for optimization of N allocation between leaves and of LAI. The predicted values from their model were strongly correlated with observed ones, but the correlations were not necessarily consistent in a quantitative sense. For example, the predicted canopy had higher n L of top leaves because of steeper N allocation (see Anten et al. 1995b ) and smaller LAI than actual canopies (Anten et al. 2000) . This may also be the case in this study. For example, actual canopies of soybean had LAI of 4.7 at canopy N of 540 mmol m Ϫ2 (Anten et al. 1995a) , while the predicted LAI in this study is 3.5. Incorporation of other factors and/or some modifications of assumption may be necessary to produce more realistic predictions. One of those factors may be the relationship between P max and n L . Although this relationship is assumed to be linear in this study, it is probable that there is an upper limit of n L (Pons et al. 1989 ) and/or that PNUE decreases at very high n L because of physical limitation of photosynthesis (see also Hikosaka et al. 1999) . Another factor is the evolutionary stability of canopy traits. Recently, game theory has been incorporated into canopyphotosynthesis models. It has been predicted that, in a competing system, the optimal trait maximizing canopy photosynthesis is not necessarily the same as the evolutionarily stable strategy (Hikosaka and Hirose 1997) . In fact, several studies have indicated that the evolutionarily stable LAI is larger than the optimal LAI (Schieving and Poorter 1999; Anten and Hirose 2001; Anten 2002 ).
As mentioned above, n mass of dead leaves is an important factor affecting canopy characteristics. However, it is not known how plants regulate n mass of dead leaves. Previously, many authors have studied N resorption efficiency (reviewed by Aerts and Chapin 2000) , but n mass of dead leaves has not been focused on (but see Killingbeck 1996) . This study uses a simple assumption that n d is constant, which was derived from the fact that the P max -n L relationship is conserved within species, independent of initial content of n L and leaf age (Field and Mooney 1983; Reich et al. 1991a; Kitajima et al. 1997) . If the x-intercept of the P maxn L relationship is regarded as the content of nonlabile N (Caloin and Yu 1984; Charles-Edwards et al. 1987 ), the conserved relationship suggests that the content of structural N is always the same within species. If this is true, the N resorption efficiency increases with the increasing N content of young leaves. Such results were obtained by Nordell and Karlsson (1995) . Anten et al. (1998) also observed that n L of the oldest leaves was similar between Xanthium canadense plants grown at different light and N availabilities. These ideas and results are consistent with our assumption.
In this simulation, LMA was assumed to be constant. LMA, however, varies with growth conditions even within single species (Niinemets and Kull 1994, 1999) . LMA has various ecological and physiological significance. From the viewpoint of matter production, lower LMA is always beneficial because it leads to interception of more photon flux per unit leaf mass. However, there are several constraints for reduction in LMA. One is related to the difference between sun and shade leaves. It is known that sun leaves have higher photosynthetic capacity and are thicker than shade leaves (Björkman 1981) . To have higher photosynthetic capacity, leaves need to be thicker because the space to contain more chloroplasts is required Oguchi et al. 2003) , and thus sun leaves need to have high LMA. The other may be related to physical disturbance. LMA has been shown to be positively correlated with leaf toughness (Reich et al. 1991b ). This implies that leaves need to have higher LMA to maintain themselves longer period. To consider "optimal LMA," we need to incorporate these factors into the model, but their quantitative effects are not clear enough.
Conclusion
This model accurately describes growth and turnover of leaf area. In the model, environmental factors such as N uptake rate and light intensity are incorporated as environmental variables, and optimal responses of leaf canopy are predicted and found to be consistent with previous observations. The model also incorporates various ecophysiological characteristics such as PNUE and LMA. Predictions of their effects on photosynthetic rates and structure of canopies are consistent with empirical observations. Furthermore, the predictions are useful in distinguishing whether correlations observed in experimental studies are direct or indirect (fig. 8) . The most important factor determining canopy structure is n mass of dead leaves; if n mass of dead leaves is constant, the canopy photosynthetic rate is proportional to the N uptake rate, and NUE is constant at steady state. This model is a useful tool to understand how canopy dynamics are regulated by environmental conditions and by plant ecophysiological traits.
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